The pulmonary circuit receives the whole of the cardiac output, and the flow through it is governed by events in the systemic circulation. Its function is gaseous exchange, and the low resistance and high capacitance of the circuit is subservient to this function. Local flow is affected by intra-alveolar oxygen tensions and regional flow by passive hydrostatic effects due to gravity. The distribution of ventilation is also affected by gravity owing to the effect of the latter on regional compliance. When the cardiac output falls, as it does in most methods of induced hypotension, there is an accompanying increase in physiological dead space owing to an increase in the alveolar component.
IN 1616 William Harvey posed three basic questions, the answers to which were eventually to materially advance cardio-respiratory physiology. These were:
(1) Do the lungs have any special function at all? (2) If so, is it of the nature of alteration, or heating or cooling? If it be heating, does the heating involve preparation or concoction?
(3) What is the basis of this alteration and what does it do with each of blood, air and spirit?
Twelve years later in 1628 he published his famous 'De Motu Cordis' in which he correctly described the circulation of the blood. However, he was still unaware of the existence of capillaries, although they were of course essential to his theory. He thought that the circulation of blood through the lungs was with the object of mixing the red portion with the serum evidenced by the resulting colour change.
In 1661 Marcello Malpighi, using the light microscope, identified both the capillaries and alveoli, and in 1669 The pulmonary circulation is unique in that it must carry the entire cardiac output. The cardiac output is regulated by the venous return volume which is in turn regulated by the demands of the systemic organs. The pulmonary circuit must therefore play a passive role and be capable of coping with flows which vary from 3 1/min during sleep to 25 1/min or more during exercise. In the lungs capillary blood is exposed via the alveolar/capillary membrane to intra-alveolar pressure which is low, and the only force preventing the capillary blood pressure from pushing fluid into the alveoli is the colloid osmotic pressure. It is therefore essential that the colloid osmotic pressure is never exceeded by the intra-capillary blood pressure. The pulmonary circuit thus has a low resistance and high capacitance to preserve this relationship. This is achieved under conditions of high flow by the distensibility of the large blood vessels, by expansion of already open capillaries, and by recruitment of hitherto unopened capillaries.
It is a low resistance and therefore a low pressure system, the resistance being one-tenth of that in the systemic circulation and the systolic pressure approximately one-sixth, i.e. 20 mmHg as opposed to 120 mmHg. The mean capillary pressure is over 20 mmHg in the systemic circulation, and in the region of 10 mmHg in the pulmonary circulation. The low resistance and low pressure means that the right ventricle has to do less work and is consequently only one-third of the thickness of the left ventricle. Similarly, the main pulmonary artery is only twice as thick as the vena cava and one-third of the thickness of the aorta.
Distribution characteristics of the pulmonary blood flow The Important distributional characteristics are:
(1) Alteration of flow at alveolar level by the alveolar oxygen tension.
(2) The passive hydrostatic effects of gravity on flow distribution.
Oxygen
The response of muscular pulmonary vessels to alveolar hypoxia is to constrict. At the local level this redistributes blood to better aerated regions but if it is generalized, as it is in inhabitants of high altitude, pulmonary hypertension and right ventricular hypertrophy will ensue.
The mechanism is dependent upon the fact that alveolar gas not only penetrates through capillary walls but also through vessels of up to 3 mm in diameter (Sobol et al., 1963) . Since vessels of this diameter are equipped with muscle, it can be seen that they are able to redistribute blood if there is intra-alveolar hypoxia. This response by pulmonary vessels is in contradistinction to the response of systemic vessels to hypoxia. In systemic vessels there is a direct relationship between oxygen availability and the contractile strength of the systemic vascular smooth muscle. This is best seen in the ductus arteriosus in which tonic contraction in the face of an increased oxygen tension is an essential feature of the transition from foetal to neonatal existence. During exercise, for example, hypoxia in active vascular beds causes dilatation of distributing vessels to increase the blood supply to the active region.
The hypoxic pulmonary pressor response must involve a local humoral mechanism since isolated strips of pulmonary artery have the opposite response to oxygen than in vivo (Lloyd, 1967) , i.e. the strips respond like systemic vascular smooth muscle. The mechanism probably involves the release of noradrenaline and/or histamine.
Gravity
Since the pulmonary circuit is a low pressure system it is subject to the hydrostatic effects of gravity. Figure 1 (West, Dollery and Naimark, 1964) shows how the upright lung may be divided into three zones by the pulmonary artery pressure (shown on the manometer on the left of the lung) and the pulmonary vein pressure (shown by the height of the manometer on the right of the lung). Gravity does not affect intra-alveolar pressure because of the very much lower density of air. In the upper zone (Zone 1) intra-alveolar pressure is higher than both arterial and venous and therefore no flow occurs. In Zone 2 the arterial pressure exceeds intra-alveolar pressure and therefore flow increases down this zone and is governed by the arterial to alveolar pressure gradient. In Zone 3 venous pressure now exceeds intra-alveolar pressure and therefore flow, which increases down this zone, is governed by the gradient between arterial and venous pressure. There is, in addition, a fourth zone at the bottom of the lung in which interstitial pressure is sufficiently high to cause a reduction in flow, but this zone is not material to the discussions in the present context. The distribution of ventilation is also influenced by the effects of gravity on the compliance of the different parts of the lung. The compliance is greater at the bottom, so that ventilation is better at the bottom of the lung than at the top. In Fig. 2 (West, 1963) an experiment is shown in which the distribution of both ventilation and perfusion is elegantly demonstrated. The subject is seated and two scintillation counters scan the upper and lower portions of the lung. The subject breathes out and the next inspiration has added to it C'5-labelled carbon dioxide. During inspiration the two traces show that the amplitude is higher at the bottom than the top of the lung, i.e. ventilation is greatest at the bottom. During the breath-holding interval the washout from the bottom of the lung is much greater than that at the top, i.e. perfusion is much greater at the bottom than at the top of the lung. The ventilation/ perfusion ratio which results is greater at the top than at the bottom of the lung.
Matching between ventilation and perfusion Figure 3 (Leigh, 1970) sion is associated with a reduction in cardiac output and therefore pulmonary blood flow. The effect of this is that during the hypotension less pulmonary capillaries are perfused and this is manifest as an increase in alveolar and physiological dead space. Eckenhoff et al. (1963) showed that, in man in the 300 head up posture, induced hypotension could be associated with total physiological dead spaces of up to 80%. Leigh and Tyrrell (1969) demonstrated dead spaces of the same order during hypotension by either ganglionic blockade, deep halothane or haemorrhage in three groups of dogs. The accompanying falls in mean pulmonary artery pressure were very small, of the order of 3 mmHg, reflecting the low resistance of the system. Under clinical circumstances in man the change in alveolar dead space can be followed by monitoring tidal carbon dioxide percentage in the respired gas. Under these circumstances it can be demonstrated that the endtidal carbon dioxide level changes in harmony with changes in the systemic arterial pressure, thus reflecting the accompanying changes in cardiac output and the accompanying alterations in pulmonary capillary perfusion.
